Experimental and Numerical Investigations on Dynamic Characteristics for Piezoceramic Bimorphs by Huang,Yu-Hsi & Ma, Chien-Ching
5th Australasian Congress on Applied Mechanics, ACAM 2007  
10-12 December 2007, Brisbane, Australia 
Experimental and Numerical Investigations on Dynamic Characteristics for 
Piezoceramic Bimorphs 
 
Yu-Hsi Huang and Chien-Ching Ma 
 
Department of Mechanical Engineering, National Taiwan University, 
Taipei, Taiwan 106, Republic of China 
Abstract: Piezoceramic bimorph structures have been widely used in recent years as they combine the 
advantages of different materials. Two thin layers of piezoelectric ceramic are bonded together with 
the central layer of metal and are electrically connected in parallel and series. The structure produces 
large strokes with relatively low voltage because of its special bimorph concept. It is necessary to 
investigate the resonant characteristics of the bimorphs theoretically and experimentally to facilitate 
the industrial applications. In this study, three experimental techniques are employed to access the 
resonant characteristics of the bimorphs. These experimental methods are the electronic speckle 
pattern interferometry (ESPI), laser Doppler vibrometer (LDV), and impedance analysis. Finally, 
numerical computations based on the finite element method are presented and compared with the 
experimental measurements. Good agreements of resonant frequencies and mode shapes are 
obtained from the experimental and numerical results. 
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1 Introduction 
The piezoceramic bimorph structures are fabricated by joined piezolaminated composites - PZT 
together with metal layers. By combining many distinct layers, the advantages of each ply can be 
developed more effectively. The use of PZT in piezolaminated composite structures has received a 
great deal of attention because of the sensing and actuating capacities becomes part of the structures 
in piezolaminated composites, and the ease of integrating piezoceramic materials by means of 
embedding those to laminated structures. Especially, a flexural actuator is then achieved to produce a 
relatively large mechanical deflection by combination of two layer piezoceramic. Piezoceramic 
bimorph structures also combine the advantages of the other materials, which are the centre layer of 
metal, to enhance its stiffness. The structure produces large deflection with relatively low electric 
potential because of the basic bimorph concept. It is necessary to investigate the resonant 
characteristics of the bimorphs theoretically and experimentally to facilitate the industrial applications. 
In general, three techniques, which are theoretical analysis, numerical computation and experimental 
measurement, are used to investigate the resonant characteristics of the piezoceramic bimorphs. In 
this paper, three experimental methods and finite element numerical calculation are used to study the 
vibration behavior of parallel-type and series-type piezoelectric bimorphs in resonance. 
The theoretical analyses of the piezoceramic bimorphs have been studied several years, but are 
restricted to problems with relatively simple geometry and boundary conditions. Smits et al. [1] derived 
the constitutive equations for cantilevered piezoceramic bimorph. Numerous investigations have been 
devoted to the theoretical analysis. Many publications have been made on the bimorph of cantilever 
beam type or complicated design configurations. Usually, the parallel piezoelectric bimorph are used 
in practical application, because the parallel bimorph can provide larger deformation. However, 
Hayashi et al. [2] investigated the series piezoelectric bimorph and found that it is more reliable under 
high applied voltage. Fernandes and Pouget [3] also proposed an analytical approach for piezoelectric 
bimorphs based on a refined expansion of the elastic displacement and electric potential. A selection 
of numerical illustrations was presented for both the series and parallel piezoelectric bimorphs. 
Although a lot of publications were focused on the analysis or design of piezoelectric bimorphs, it is 
still necessary to visibly examine the vibration response from an experimental point of view so that the 
characteristics of the bimorphs structures can be analyzed thoroughly. Ma el al. [4] studied the 
resonant characteristics for the parallel piezoceramic bimorph in two different connected cases by 
comparisons with experimental methods and numerical calculation. The comparison of the resonant 
characteristics between experiment and calculation are provided for two different types of bimorphs. 
Both in-plane and out-of-plane vibrations are studied in detail. 
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The first experimental technique that provides the information of full-field deformation for the vibrating 
piezoceramic bimorph in resonance is the electronic speckle pattern interferometry (ESPI) which is 
also known as TV-holography. The most convenient experimental setup of vibration measurement by 
ESPI is the time-averaging method. However, the restrictions of the time-averaging method are 
decreased visibility with vibration amplitude, and limited numbers of fringes. Wang et al. [5] proposed 
the amplitude-fluctuation ESPI (AF-ESPI) technique based on video-signal-subtraction, but the 
reference image was taken from a vibrating state instead of a free state. The fringe patterns obtained 
by AF-ESPI method have enhanced visibility and reduced noise. Ma and Huang [6] further applied the 
AF-ESPI to investigate three-dimensional volume vibrations of piezoelectric materials. The second 
optical measurement technique used in this study is the laser Doppler vibrometer (LDV), which 
measures the moving velocity or displacement of an object from detecting the frequency shift of the 
laser. The resonant frequencies of out-of-plane vibration can be obtained by this technique. The 
electric impedance is an important characteristic for piezoelectric elements, and the experimental 
measurement of resonant frequencies for the piezoelectric materials is generally performed by 
impedance analysis. Since the electric impedance will drop to a local minimum when it vibrates at a 
resonant frequency and will rise to local maximum at an anti-resonant frequency, the resonant and 
anti-resonant frequencies for in-plane vibrations can be determined. In addition of these three 
experimental techniques, numerical computations based on the finite element method (FEM) utilizing 
the commercial software package, ABAQUS, is also made. Theoretically, if a plate is thin, the out-of-
plane vibration and the in-plane vibration are uncoupled. The piezoceramic bimorphs are usually 
designed to produce a large out-of-plane motion. Hence, most reports presented in the literature were 
focused mainly on the out-of-plane vibration. However, it is found in this study that the out-of-plane 
and in-plane modes are coupled for low resonant frequencies and these two different types of 
resonance can be obtained in the same frequency even for the thin piezoceramic bimorph. This 
phenomenon is evident from three experiments and FEM predictions. 
2 Specimens and Experimental Set-up 
The piezoceramic bimorph used in the experimental measurement is a three layers structure provided 
by Piezo System Inc. Its size is 62.7mm length, 31.8mm width, 0.25mm thickness of two layers of 
piezoceramic, and 0.14mm thickness of centre metal layer. There are two types of piezoceramic 
bimorphs, i.e. parallel and series type, and the different polarization and electric connections are 
shown in Fig. 3. Piezo System Inc. provides the material properties of the piezoelectric ceramics with 
the model name PSI-5AS4 but the centre 
metal layer is not available. Hence the 
material constants of metal are assumed to 
be made of stainless AISI Type-301. The 
assumption for the material may cause the 
inaccuracy in finite element calculation.  
Fig. 1 Two configurations of piezoceramic bimorph 
The self-arranged optical layouts of the AF-ESPI systems, as shown in Fig. 1 and Fig. 2, are used to 
perform the out-of-plane and in-plane measurements for resonant frequencies and corresponding 
mode shapes. A He-Ne laser is used as the coherent light source. The emitting laser beam is split into 
two parts by a variable beamsplitter. In the out-of-plane setup, one beam is directed toward the 
piezoceramic bimorph and the other one which serves as a reference beam is illuminated on the 
surface of a reference plate. In the in-plane setup, the piezoceramic bimorph is illuminated by two 
beams incident at equal and opposite angles to the surface normal. A CCD and a frame grabber with 
a digital signal processor on board are used to record and process the images. Once the specimen 
vibrates, the interferogram recorded by the CCD is stored in an image buffer as a reference image. 
Then the next frame is grabbed and subtracted by the image processing system. The CCD converts 
the intensity distribution of the interference pattern of the object into a corresponding video signal. The 
interpretation of the fringe image is similar to the reading of a displacement contour. Note that the 
vibration displacements obtained from the experimental system for the AF-ESPI method are in the 
order of submicrometer. By using a function generator, a sinusoidal ac voltage across the electrode is 
applied to drive the piezoceramic bimorph into the periodical vibration. Clear fringes of out-of-plane 
mode shapes can be obtained if the vibration displacement is large enough to be measured by the AF-
ESPI system. 
3 Experimental and Numerical Results 
3x
1x
2x
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Fig. 2 Schematic diagram of the AF-ESPI setup 
for out-of-plane measurement. 
 
Fig. 3 Schematic diagram of the AF-ESPI setup 
for in-plane measurement. 
The resonant frequencies and mode shapes of the parallel and series piezoceramic bimorph made of 
PZT and stainless are investigated in this section. The mode shapes of piezoceramic bimorphs 
obtained from the experimental measurement by AF-ESPI and the theoretical prediction by FEM are 
shown in Fig. 4. The W mode shape is the out-of-plane vibration motion along x3 direction, while the U 
and V mode shapes presented in Fig. 4 indicate the in-plane vibration motions along x1 and x2 
directions, respectively. The zero-order fringes, which are the brightest fringes on the AF-ESPI 
experimental results, represent the nodal lines of the piezoceramic bimorph in resonance. The rest of 
the fringes are contours of constant amplitude of displacements. In the FEM results, the bold solid 
lines and thin lines indicate the displacement in different phase. The transition from bold solid lines to 
thin lines corresponds to a zero displacement line or a nodal line that is represented as a bold and 
thick line. The mode shapes obtained from the experimental results can be verified by the nodal lines 
and fringe patterns with the numerical finite element calculations. In general, good agreements of the 
experimental measurement and numerical calculation are observed for most of the vibration modes. It 
is evident from the experimental measurement that the out-of-plane vibration mode is easy to excite 
and is the dominant motion for the parallel piezoceramic bimorph in resonance. Although the 
amplitude of displacement for in-plane motion is smaller compared to the out-of-plane vibration mode, 
the full-field displacement of in-plane vibration modes is large enough to be measured by the AF-ESPI 
method. The driving voltages in the in-plane vibration are about 10 times than in out-of-plane vibration. 
The values listed in the brackets above the FEM results in Fig. 4 denote the ratio of normalized 
displacement components for U, V and W mode shapes. These values consist with the experimental 
results that the motion along the x3 direction is largest and is one or two order larger than the other two 
displacements directions. It is shown in the FEM computations and the AF-ESPI experiments that only 
one of the in-plane vibration, i.e. U mode can be measured except mode 2and the corresponding 
modes are the second larger normalized displacement in FEM. Note that W mode shape can be 
separated into two groups. Group I including the modes 1, 2, 3, 5, 7and 9 has the nodal lines all 
parallel to two free edges. Hence the out-of-plane deformation in these six modes in Group I is mainly 
due to the bending moment. Group II including the modes 4, 6 and 8 has the nodal lines parallel and 
perpendicular to the edges and the deformation is attributed to both bending and twisting moments. All 
of the in-plane modes have the similar distribution with the out-of-plane mode. 
The results obtained from AF-ESPI and FEM for the series piezoceramic bimorph is shown in Fig. 5. 
Although the mode shapes of the in-plane vibration can be obtained in the series case, the difference 
for comparison with the parallel type in Fig.4 is that there is no mode corresponding with the mode 
shapes predicted by FEM. The reason may be due to the poling design for the series bimorph which 
would eliminate the in-plane motion by the two layer of PZT. The W mode shapes are the same as 
that of the parallel bimorph and the applied voltage is larger than the parallel bimorph. 
In addition to the AF-ESPI method, an alternative experimental technique LDV is also used to identify 
the out-of-plane resonant frequencies for the piezoceramic bimorph. The frequency response curve of 
the piezoceramic bimorph measured by LDV is shown in Fig. 6. Because the electric impedance will 
drop to a local minimum when it vibrates at a resonant frequency for the in-plane motion, the resonant 
frequencies for in-plane vibrations can also be obtained by the impedance analysis. Fig. 6 also shows 
the impedance curve of the piezoceramic bimorph measured by the HP-4194A impedance analyzer. 
The local minima and maxima appearing in the impedance curve correspond to the resonant and anti-
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resonant frequencies, respectively. For the frequencies between 0-11kHz, the resonant frequency for 
each mode can be identified simultaneously by LDV and impedance analysis. If a piezoceramic plate 
is thin, the out-of-plane and in-plane modes are uncoupled. Usually the resonant frequencies of 
piezoelectric thin plates can either be measured by LDV or impedance analysis. It depends on 
whether the dominated motion of the mode is out-of-plane or in-plane. The resonant frequencies 
obtained by LDV and impedance analysis are in excellent agreement as shown in Fig. 6. It is evident 
from Figs. 4-6 that three vibration modes are observed in the same resonant frequencies from 
different experimental techniques. 
Resonant Frequency(Hz) Resonant Frequency(Hz) 
ESPI:  driving voltage (Volt) 
FEM: normalized displacement 
ESPI:  driving voltage (Volt) 
FEM: normalized displacement Mode 
W U V 
Mode 
W U V 
      
404 Hz 8157 Hz 
0.05 V 0.4 V 0.4 V 0.45 V 9.5 V 2.8 V 
      
404 Hz 8322 Hz 
1 
1  22.356 10−×  34.691 10−×  
6 
1  26.905 10−×  25.747 10−×  
      
1680 Hz 8842 Hz 
0.05 V 1.5 V 0.5V 0.8 V 20 V 4 V 
      
1598 Hz 8685 Hz 
2 
1  21.255 10−×  24.498 10−×  
7 
1  22.381 10−×  29.209 10−×  
 
  
  
 
2190 Hz 9695 Hz 
0.08 V 2.5 V 2.5 V 0.4 V 12 V 4 V 
      
2215 Hz 9552 Hz 
3 
1  24.986 10−×  22.253 10−×  
8 
1  23.306 10−×  29.685 10−×  
      
4814 Hz 10166 Hz 
0.45 V 8.5 V 2.5 V 0.7 V 12 V 6 V 
      
4930 Hz 10224 Hz 
4 
1  25.401 10−×  25.146 10−×  
9 
1  29.754 10−×  22.677 10−×  
 
 
 
    
5385 Hz     
0.12 V 6 V 1.5 V     
   
    
5498 Hz     
5 
1  28.369 10−×  21.710 10−×      
Fig. 4. Mode shapes of the parallel piezoceramic bimorph obtained from AF-ESPI and FEM 
5th Australasian Congress on Applied Mechanics, ACAM 2007  
10-12 December 2007, Brisbane, Australia 
 
 
The resonant frequencies measured by AF-ESPI, LDV, impedance analysis and FEM are listed in 
Table 1. It is indicated in this table that all the differences of the resonant frequencies are less than 
about 5% and the absolute average errors are less than 2%. In spite of discrepancies of the resonant 
frequencies, it is shown that the results of AF-ESPI and FEM match well in the mode shapes for three-
dimensional vibrations. 
Resonant Frequency(Hz) Resonant Frequency(Hz) 
ESPI:  driving voltage (Volt) 
FEM: normalized displacement 
ESPI:  driving voltage (Volt) 
FEM: normalized displacement Mode 
W U V 
Mode 
W U V 
 
  
 
  
401 Hz 8008 Hz 
0.1 V 0.4 V 0.13 V 1.2 V 6 V 6 V 
      
404 Hz 8322 Hz 
1 
1  22.356 10−×  34.691 10−×  
6 
1  26.905 10−×  25.747 10−×  
 
 
 
 
  
1632 Hz 8837 Hz 
0.05 V 0.4 V 0.2 V 0.5 V 6 V 6 V 
      
1598 Hz 8685 Hz 
2 
1  21.255 10−×  24.498 10−×  
7 
 
1  22.381 10−×  29.209 10−×  
     
 
2178 Hz 9667 Hz 
0.1 V 2.5 V 0.8 V 0.6 V 3.5 V 4 V 
      
2215 Hz 9552 Hz 
3 
1  24.986 10−×  22.253 10−×  
8 
 
1  23.306 10−×  29.685 10−×  
 
 
    
4817 Hz 10082 Hz 
0.8 V 4 V 5 V 0.8 V 6 V 6 V 
      
4930 Hz 10224 Hz 
4 
1  25.401 10−×  25.146 10−×  
9 
 
1  29.754 10−×  22.677 10−×  
  
 
    
5428 Hz     
0.3 V 3.5 V 5 V     
   
    
5498 Hz     
5 
1  28.369 10−×  21.710 10−×      
Fig. 5. Mode shapes of the series piezoceramic bimorph obtained from AF-ESPI and FEM 
4 Conclusions 
The mode shapes obtained from AF-ESPI are in excellent agreement with to produce large flexural  
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motions, it is interesting to find that 
the out-of-plane and in-plane modes 
are coupled even the specimen is 
thin. Hence, for the parallel bimorph 
it is concluded that the particle 
motions of piezoceramic bimorphs in 
resonance are essentially three-
dimensional.  
The resonant frequencies of the 
piezoceramic bimorph are also deter 
mined by impedance analysis, LDV  
and FEM to compare with the results 
obtained by AF-ESPI. The resonant          
frequencies obtained by AF-ESPI 
are in excellent agreement with the 
techniques of LDV and impedance 
analysis. There is a slight difference 
if compared with the FEM results. It is     Fig. 6. LDV and Impedance response for the piezoceramic bimorph 
concluded that from the mode shapes 
obtained by the AF-ESPI, together with       Table 1 Resonant frequencies for the piezoelectric bimorphs 
the results of FEM, impedance analysis 
and LDV can provide the complete 
information of the vibration charac-
teristics of piezoceramic bimorphs for 
practical applications. 
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Parallel Bimorph Series Bimorph 
LDV 
(Hz) 
Imp. 
(Hz) 
FEM 
(Hz) 
ESPI 
(Hz) 
LDV 
(Hz) 
Imp. 
(Hz) 
FEM 
(Hz) ESPI 
(Hz) error
% 
error
% 
error
%  
error
% error% 
error
% 
410 391 406 420 393 406 1 404 (-1.49) (3.22) (-0.50) 401 (-4.74) (2.00) (-1.25) 
1610 1626 1613 1590 1632 1613 2 1680 (4.17) (3.21) (3.99) 1632 (2.57) (0.00) (1.16) 
2150 2169 2234 2150 2174 2234 3 2190 (1.83) (0.96) (-2.01) 2178 (1.29) (0.18) (-2.57) 
4800 4785 4957 4780 4768 4957 4 4814 (0.29) (0.60) (-2.97) 4817 (0.77) (1.02)) (-2.91) 
5360 5406 5551 5390 5388 5551 5 5385 (0.46) (-0.39) (-3.08) 5428 (0.70) (0.74) (-2.27) 
8110 8153 8377 8100 8050 8377 6 8157 (0.58) (0.05) (-2.70) 8088 (0.15) (0.47) (-3.57) 
8880 8851 8774 8850 8779 8774 
7 8842 (-0.43) (-0.10) (0.77) 8837 (-0.15) (-0.66) (0.71) 
9580 9624 9637 9550 9559 9637 8 9695 (1.19) (0.73) (0.60) 9667 (1.21) (1.12) (0.31) 
10170 10058 10327 10030 9977 10327 9 10166 (-0.04) (1.06) (-1.58) 10082 (0.52) (1.04) (-2.43) 
Ave. Err. (1.16) (1.15) (2.02)  (1.34) (0.98) (1.91) 
